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Up-Regulated Apoptosis
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The accumulation of apoptotic cells has been suggested
as a possible mechanism of nucleosome conversion
into self-antigens that may both initiate autoimmune
responses and participate in immune complex deposition
in lupus nephritis. In this study, we analyzed both the rate
of transcription of apoptosis-related genes and the
presence of activated apoptotic factors within kidneys
of lupus-prone (NZB�NZW) F1 mice during disease
progression. The results of this study demonstrated
no activation of apoptotic pathways in kidneys of
these lupus-prone mice at the time of appearance of
anti-double standard DNA antibodies in serum, as
well as the formation of mesangial immune deposits in
glomeruli. In contrast, the transition of mesangial into
membranoproliferative lupus nephritis coincided with
an accumulation of activated caspase 3-positive cells in
kidneys, in addition to a dramatic decrease in Dnase1
gene transcription. Highly reduced expression levels of
the Dnase1 gene may be responsible for the accumula-
tion of large chromatin-containing immune complexes
in glomerular capillary membranes. Thus, the initiation
of lupus nephritis is not linked to increased apoptotic
activity in kidneys. The combined down-regulation of
Dnase1 and the increased number of apoptotic cells,
which is possibly due to their reduced clearance in
affected kidneys , may together be responsible for
the transformation of mild mesangial lupus nephri-
tis into severe membranoproliferative , end-stage
organ disease. (Am J Pathol 2009, 175:97–106; DOI:
10.2353/ajpath.2009.080943)

Affection of kidneys is a major complication in systemic
lupus erythematosus and lupus nephritis is associated
with high rate of morbidity and mortality. According to the

International Society of Nephrology/Renal Pathology So-
ciety classification criteria it is separated into six different
classes from subclinical (class I) to end-stage disease
(class VI).1

Nucleosomes play a central role as potential inducers
of autoantibody production and in formation of immune
complexes.2–7 They are normal products of apoptosis,
but it is still not clear how intracellular self-antigens like
nucleosomes become immunogens capable of triggering
and maintaining a strong and prolonged autoantibody
production.8,9 One hypothesis indicates that a dysregu-
lation of apoptosis might be responsible for transforma-
tion of apoptotic into secondary necrotic chromatin. Such
necrotic chromatin may potentially induce cellular and
humoral autoimmunity and particularly antibody produc-
tion to double-stranded DNA (dsDNA) and nucleo-
somes.10–13 Most discussions concentrate on increased
apoptotic activity and accumulation of apoptotic, sec-
ondary necrotic cells due to reduced clearance of the
dead cells as central events in the evolution of lupus
nephritis. Increased apoptotic activity among peripheral
blood cells from systemic lupus erythematosus pa-
tients14–16 and its positive correlation with autoantibody
production and disease activity has been reported.17

Recent studies suggest the same for glomerular cell ap-
optosis in human and murine lupus nephritis.5,18 Such
results are based on detection of apoptotic cells,
whereas expression of apoptotic triggers and execution-
ers has not been subjected to detailed investigations so
far in lupus nephritis. Many studies have demonstrated
impaired clearance of apoptotic cells in systemic lupus
erythematosus.19–21 This may result in accumulation of
apoptotic cells without prior rise in the rate of apoptosis.
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Therefore, to determine whether there is an increase in
the apoptotic activity in systemic lupus erythematosus, or
whether accumulation of apoptotic or secondary necrotic
debris may be due to reduced clearance, the apoptotic
pathways need to be investigated.

The extrinsic apoptotic pathway is initiated through the
ligation of specific death receptors on the cell surface,
which is followed by a cascade of enzymatic activations
and identifiable morphological changes in cells and par-
ticularly in nuclei. Signaling is provided through the ex-
trinsic pathway from receptors (Fas, tumor necrosis fac-
tor receptor superfamily, member 1a) toward activation of
caspases through involvement of adaptor proteins Fas (TN-
FRSF6)-associated via death domain, TNFRSF1A-associ-
ated via death domain) that form bridges between down-
stream regulators and effectors.22 Anti-apoptotic (Bcl2l2)
and pro-apoptotic (BCL2-associated X protein) members
of the Bcl-2 protein family play a key role in controlling
execution of the intrinsic apoptotic pathway.23 Thus, inves-
tigation of apoptotic processes needs an integrated as-
sessment of apoptotic triggers, executioners and effectors.

In this study, we analyzed whether there is an up-
regulated apoptotic activity in kidneys of lupus-prone BW
mice during nephritis progression since accumulation of
apoptotic cells is an obligate observation during devel-
opment of lupus nephritis.5,18 We also analyzed whether
accumulation of chromatin fragments in glomerular cap-
illary membranes and mesangial matrix relates to reduced
fragmentation of apoptotic chromatin by diminished tran-
scription of the renal Dnase1 gene, and secondary to this,
decreased clearance of large chromatin fragments.

Materials and Methods

Animals

Female (NZBxNZW)F1 (BW) and BALB/c mice were pur-
chased from Harlan (Blackthorn, UK), while MRL-lpr/lpr
mice were purchased from Jackson Laboratory (Bar Har-
bor, Maine). Treatment and care of animals were in ac-
cordance with the guidelines of The Norwegian Ethical
and Welfare Board for Research Animals, and the study
was approved by the Institutional Review Board.

Induction of Proteinuria in BALB/c Mice by
Injecting Highly Pure Murine Anti-dsDNA
Monoclonal Antibodies (mAbs)

Healthy 10-week-old BALB/c mice (n � 3) where injected
twice a week for 4 weeks with 200 �g purified murine
anti-dsDNA mAbs (DNA6 mAb, kindly provided by T
Marion, Memphis, TN) each time, similar to protocols
used by others.24,25 These were purified according to the
protocol III of Kramers et al,25 and were shown to contain
only IgG heavy and light chains, and not DNA or histone
proteins (data not shown). Granular deposits of chroma-
tin-IgG complexes appeared in glomeruli at end-point in
the injected mice (data not shown), and severe protein-
uria developed progressively in these mice to levels com-

parable with those in BW and MRL-lpr/lpr mice with end-
stage organ disease.

Collection of Samples from Mice

Serum samples from BW and sex-, age-matched BALB/c
mice were collected from 4-, 8-, or 20-week-old (group 1,
2, and 3 respectively) and at the time of full-blown ne-
phritis (group 4, mice �26 weeks old), while sera from
MRL-lpr/lpr and BALB/c mice injected with anti-dsDNA
mAbs were collected at end-point when mice suffered
from severe proteinuria. Sera were stored at �20°C. Pro-
teinuria was monitored weekly with sticks from Bayer
Diagnostics (Bridgend, UK). At the age of 4, 8, 20 weeks,
or after indication of severe nephritis (proteinuria �3g/L),
animals were euthanized by CO2-suffocation. Each group
contained 5 to 6 animals. Kidneys were extirpated, cut, and
fixed in RNAlater (Qiagen Nordic, Norway) for further
analysis of gene transcription, or fixed in 4% buffered
depolymerized paraformaldehyde and embedded in par-
affin for immunohistochemical analysis, or fixed in 8%
buffered depolymerized paraformaldehyde for electron
microscopy. The same samples were collected from sex-
and age-matched BALB/c control mice. MRL-lpr/lpr mice
and BALB/c mice injected with anti-dsDNA mAbs were
used as proteinuric control mice to analyze if proteinuria
per se affected renal gene transcription and apoptotic
activities in BW mice. Samples from MRL-lpr/lpr mice
were collected at age of 4 weeks and at severe nephritis.
Injected BALB/c mice with proteinuria and age-matched
non-treated BALB/c mice were euthanized at 14 weeks of
age. Control groups included three animals in each. Or-
gans from those animals were collected in the same way
as from BW mice.

Anti-dsDNA Enzyme-Linked Immunosorbent
Assay

Calf thymus dsDNA and Sigma fast orthophenylendia-
mine substrate were purchased from Sigma-Aldrich (St.
Louis, MO). Murine serum antibodies against calf thy-
mus dsDNA were detected and titrated by standard
indirect enzyme-linked immunosorbent assay, as de-
scribed in detail.26

Colocalization Immune Electron Microscopy

Immune electron microscopy was performed on murine
kidney sections as previously described.5 Sections were
incubated with rabbit anti-mouse IgG (RaM IgG, Cappel,
ICN Pharmaceuticals, Inc.) and protein A conjugated with
5-nm gold particles (PAG-5 nm, University of Utrecht, The
Netherlands) followed by fixation with glutaraldehyde and
saturation of free aldehyde groups by glycine. In a next
step, the same sections were incubated with the anti-
dsDNA mAb DNA6 and protein A conjugated with 10-nm
gold particles (PAG-10 nm) to determine whether in vivo-
bound autoantibodies co-localized with DNA6 in extracel-
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lular chromatin. Micrographs were taken using a Jeol JEM-
1010 Transmission Electron Microscope (Tokyo, Japan).

Immunohistochemical Analysis

Apoptotic factors in kidneys of the mice included in this
study were detected by using Envision�Dual Link Sys-
tem-HRP (diaminobenzidine�) (Dako Norden A/S, Den-
mark). After deparaffinization of 4-�m paraffin-embedded
kidneys sections, they were heated in citrate buffer, pH 6.0,
for 20 minutes at 98°C, then blocked with peroxide for 5
minutes, followed by 60 minutes incubation with blocking
solution (0.2% Triton X-100, 2% goat serum, lamb serum,
fetal calf serum, and 2% bovine serum albumin) to pre-
vent non-specific antibody binding. Subsequently, sec-
tions were incubated for 30 minutes with primary anti-
body to stain for activated caspase 3 (rabbit anti-mouse
active caspase 3 antibody diluted 1:500, R&D Systems,
Abinodon, UK), activated caspase 9 (rabbit anti-mouse
activated caspase 9 antibody 1:2000, Nordic Biosite AB,
Sweden), apoptotic peptidase activating factor 1 (rabbit
anti-mouse APAF1 antibody 1:75, Acris Antibodies
GmbH, Germany) or negative controls (normal rabbit IgG
at the same concentration as primary antibodies, R&D
Systems, Abinodon, UK). Secondary antibody and dia-
minobenzidine chromogen solution were used according
to instruction from Dako. Sections were counterstained
with hematoxylin and Scott’s solution. To evaluate the num-
ber of positively stained cells we counted them in 10 view
fields (magnification � original �20) per kidney section.

Gene Expression Analysis

Total RNA was isolated with EZ-1 RNA tissue mini kit
(Qiagen). The quality of RNA was analyzed by Agilent
Bioanalyzer using RNA 6000 assay kit (Agilent Technol-
ogies, Inc., CA). cDNA was transcribed from RNA by
using cDNA Archive kit (Applied Biosystems, CA). For
real time PCR we used TaqMan Gene Expression Assays
(Applied Biosystems, CA): tumor necrosis factor (TNF)-�
Mm00443258_m1; FAS receptor Mm00433237_m1;
TNFR I Mm00441875_m1; TNFR II Mm00441889_m1;
TRAF2 Mm00801978_m1; FADD Mm00438861_
m1; TRADD Mm01251029_m1, Bcl2l2 Mm00432054_m1;
BAX Mm00432050_m1; Cytochrome C somatic
Mm01621044_g1; APAF1 Mm00437530_m1; caspase 9
Mm00516563_m1; caspase 3 Mm01195085_m1; Dnase
1 Mm01342389_g1; endogenous control – Mouse actin �
4352933E, and TATA binding protein Mm00446973_m1.
The assays were performed on ABI Prism 7900HT Se-
quence Detection System (Applied Biosystems). Expres-
sion levels were calculated using the ddCT method. Data
are given as fold change compared with transcription in
4-week-old mice.

Camptothecin-Induced Apoptosis in
Isolated Kidneys

Mice were euthanized by CO2 and kidneys were imme-
diately extirpated and placed into 24 well plates (half a

kidney per well) with apoptosis inducing solution–5 �mol/L
camptothecin (Sigma-Aldrich, St Louis, MO) in RPMI-1640
with 10% fetal calf serum. The kidneys were incubated for 0,
2, 4, or 6 hours at 37°C in 5% CO2, then cut and fixed in 4%
buffered depolymerized paraformaldehyde for morpholog-
ical studies or in RNAlater (Qiagen) for further analyses of
gene transcription. DNA fragmentation was determined by
Agilent bioanalyzer as described before.27

Statistical Analysis

Two-way analysis of variance was used to compare the
Ct values between the age groups and the strains in the
gene expression study. Differences were regarded sig-
nificant at P � 0.05 provided at least twofold changes of
mRNA levels. One-way analysis of variance with Dunett
post hoc test was used to assess the differences in the
number of active caspase-3-positive cells on the sections of
kidneys with various degrees of morphological changes.

Results

Analyses of Serum Antibodies against dsDNA
and Renal Morphology in BALB/c and BW Mice

The four age groups of BW mice were analyzed for ap-
pearance of circulatory anti-dsDNA antibodies and for
morphological changes in glomeruli. Figure 1A demon-
strate serum levels of anti-dsDNA antibodies in each group
of BW mice (results given as mean OD490 � SEM for each
group). Sex and age matched BALB/c mice were negative
for anti-dsDNA antibodies (data not shown).

Four- and 8-week-old BALB/c or BW mice had normal
kidney morphology and no serum anti-dsDNA antibodies.
Immune electron microscopy analysis did not show any
immune complex deposits, nor electron dense structures
in glomeruli of groups 1–3 BW mice (data not shown).
Group 3 mice had low levels of anti-dsDNA autoantibod-
ies (Figure 1A).

The nephritic group 4 mice (age �26 weeks old, n � 6)
with high levels of anti-dsDNA antibodies (Figure 1A) was
divided into two subgroups due to distinctly different
morphological patterns observed by immune electron
microscopy, three animals in each. Group 4A had gran-
ular deposits of IgG in the mesangial matrix only (Figure
1B), while group 4B demonstrated massive deposition of
IgG associated with EDS in glomerular capillary mem-
branes (Figure 1C). Glomerular in vivo-bound IgG were
strictly associated with EDS in group 4A and group 4B
mice as demonstrated by immune electron microscopy.
Furthermore, these in vivo-bound IgG molecules (traced
by 5-nm gold particles) co-localized with anti-dsDNA
mAb DNA6 added to the sections in vitro (traced by
10-nm gold particles), indicating presence of immune
complexes consisting of IgG and chromatin fragments
(see Figure 1, B and C, for details).
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Immunohistochemical Detection of Apoptotic
Cells in Kidneys

To determine the amount of apoptotic cells in kidneys we
stained tissue sections with antibodies against several
apoptotic proteins. Activated caspase 3 and 9 and
APAF1 were chosen as reliable indicators for presence of
apoptotic cells compared with the use of for example, the
terminal deoxynucleotidyl transferase dUTP nick-end la-
beling assay.28,29 These factors reflect activation of both
the intrinsic and extrinsic apoptotic pathways.

Immunohistochemical analysis showed no difference
between staining of activated caspase 3 and 9 or APAF 1
in kidneys from groups 1 (Figure 2, A–C, respectively), 2
and 3 (data not shown) of the BW mice compared with
age-matched BALB/c mice.

Slightly increased number of active caspase 3-positive
cells was found in kidneys of nephritic mice (Figure 2D),
mostly located in tubuli and interstitial area (Figure 2D,
arrows), and few apoptotic cells were observed in glo-
meruli. Interestingly, antibodies against activated caspase
3 and 9 and APAF 1 gave strong staining of structures in
tubular lumina in nephritic kidneys (Figure 2, D (inset), E,
and F, for activated caspase 3, caspase 9, and APAF 1,
respectively). No staining was found in tubular lumina in
nephritic kidneys using nonspecific rabbit IgG (insert in
Figure 2F). Other proteinuric kidneys, like those from
severely proteinuric BALB/c mice injected with anti-
dsDNA antibodies, did not contain caspase 3 and 9 and
APAF 1 positive structures in their lumina (data not
shown). These latter data argue against the idea that
debris in tubular lumina is a non-specific result of pro-
teinuria. When analyzing kidneys from severely nephritic
MRL-lpr/lpr mice, which have a distinctly different genetic
background for development of lupus-like nephritis,
smaller and fewer apoptotic structures could be ob-
served in tubular lumina compared with what was ob-
served in the nephritic BW kidneys (data not shown).

The number of activated caspase 3-positive cells was
determined in kidney sections of nephritic BW mice in
comparison with younger BW and age matched BALB/c
mice (Figure 3 right axis) and plotted against the absolute
number of renal cells in the same slides (Figure 3 left
axis). There was no significant difference in the number of
activated caspase 3-positive cells between BALB/c kid-
neys from different age groups, while in group 4B of BW
mice the number of activated caspase 3-positive cells
was significantly increased, as compared with young BW
group 1 mice (P � 0.05). This rise did not correspond to
elevation of absolute number of renal cells in the nephritic
group. There was no significant difference in the number
of activated caspase 3-positive cells in kidneys from
nephritic BW mice compared with age-matched BALB/c
mice. Subgroups 4A and 4B BALB/c mice were divided
in compliance with age of group 4A and 4B BW mice. In
control experiments, we observed that sections of kid-
neys from BALB/c mice with severe proteinuria after in-
jection of anti-dsDNA mAbs had no more activated
caspase 3-positive cells than young or age-matched
non-treated BALB/c mice (Figure 4A). Similarly, in MRL-

Figure 1. Levels of serum anti-dsDNA autoantibodies in BW mice of different
ages and immune electron microscopic detection of chromatin-IgG complex
deposition in glomeruli of mice with different stages of lupus nephritis.
Murine serum antibodies against calf thymus dsDNA were analyzed at end
point by indirect enzyme-linked immunosorbent assay in each group of
BALB/c (data not shown) and BW mice (A). Data are given as mean OD490 �
SEM at serum dilution 1/100 for each group. Group 1–3 consisted of five mice.
BW mice with nephritis consisted of six mice and were divided into two
subgroups each consisting of three mice; group 4A – mice with immune com-
plexes located only in mesangium (B); group 4B – mice with massive chromatin
deposition in glomerular capillary membranes observed as electron dense struc-
tures (C). Presence of chromatin in membranes is traced by 10 nm gold (larger
dark particles), whereas in vivo-bound IgG is traced by 5-nm gold (smaller light
gray particles). Co-localization of 10- and 5-nm gold particles demonstrates that
chromatin and in vivo-bound IgG is contained in glomerular membrane-asso-
ciated electron dense structures.
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lpr/lpr mice with severe nephritis, kidneys contained only
slightly more activated caspase 3-positive cells than
young animals of the same strain. The difference was,
however, not statistically significant (Figure 4A), thus in-
dicating that proteinuria did not cause increased apopto-
sis in these proteinuric mice.

Renal Transcription of Central Apoptotic Genes
in Different Age Groups of BW and Nontreated
BALB/c Mice

Increased numbers of apoptotic cells in the nephritic BW
group 4B compared with groups 1–4A as detected by
immunohistochemistry, could be due to impaired clear-
ance of apoptotic cells or to increased apoptotic activity.
We analyzed renal transcription of several apoptosis-
associated genes, including transcription of genes en-
coding apoptosis inducers, receptors, pro- and anti-ap-
optotic regulators, caspases, and Dnase1. Real-time
PCR was performed on kidney mRNA from BW (Table 1)
and BALB/c mice (data not shown) in the different age
groups. The differences were regarded significant at P �
0.05 provided at least twofold changes of mRNA levels
compared with results in BALB/c mice. The expression of
all presented genes was stable without changes through-
out the observation time in BALB/c kidneys (data not
shown). Major changes in transcription were found for the
TNF-�, TNFR II, Cytochrome c somatic, and Dnase1 genes in
the proteinuric BW group, as compared with healthy sex
and age matched control BALB/c mice. Expression of
those genes was also significantly changed in nephritic
BW kidneys compared with kidneys from 4-week-old BW
mice (Table 1). Interestingly, increase in expression of
TNF-� and its receptor was not linked to changes in

Figure 2. Detection of apoptotic factors in kidneys of young (A–C) and nephritic (D–F) BW mice. Data are demonstrated for activated caspase 3 (A, D), APAF1
(B, E) and activated caspase 9 (C, F) in kidneys from 4-week-old (upper panels) and nephritic (lower panels) BW mice. There is increased numbers of activated
caspase 3-positive cells in tubular cells from proteinuric BW mice (D) and also activated caspase 3-positive structures in tubular lumina (inset in D), whereas no
staining was observed in kidney sections from young BW mice (A). Activated caspase 9 and APAF 1 were absent in kidneys from young BW mice (B, C, for APAF1
and activated caspase 9, respectively), but gave strong staining in tubular lumina in the proteinuric kidneys (E, F, respectively). There was no staining in negative
controls using non-specific rabbit IgG (inset in F). Magnification � original �40. Arrows in D point at activated caspase 3-positive cells.

Figure 3. Quantitative analysis of activated caspase 3-positive cells in kid-
neys from BALB/c and BW mice. Activated caspase 3-positive cells were
counted on the tissue sections (right axis) and plotted against the absolute
number of renal cells in the same slides (left axis). Number of cells is given
as average of 10 view fields per kidney section from all mice (n � 5 for
groups 1 and 3, and n � 3 for groups 4A and 4B) of the different age groups.
In BALB/c kidneys, the number of caspase 3-positive cells remained the
same in all of the age groups, whereas in BW kidneys, there was a
significant increase in group 4B, as compared with group 1. Asterisk in
group 4B indicates a significant increase in activated caspase 3-positive
cells compared with group 1 (P � 0.05). BALB/c groups 4A and 4B
corresponds to age of Group 4A (mesangial matrix deposits) and 4B
(capillary membrane deposits) nephritic BW mice.
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expression of caspase 3 or caspase 9 at the proteinuric
stage.

Importantly, transcription of the Dnase1 gene, coding
for the major renal nuclease,30 was insignificantly re-
duced in proteinuric mice with mesangial deposits of
EDS-IgG complexes only (Table 1, group 4A, and Figure
1B). In proteinuric BW mice with massive IgG-containing
EDS in glomerular capillary membranes, Dnase1 gene
transcription was substantially reduced (Table 1, group
4B, Figure 1C). This together with the recently published

observation of the impaired ability to degrade chromatin
in kidneys from lupus nephritis-prone BW mice27 and low
Dnase1 enzyme activity in the nephritic BW kidneys
(Zykova et al, manuscript submitted) suggests that poor
processing of nuclear debris is linked to deposition of
chromatin fragments in glomerular capillary membranes
and development of a severe form of lupus nephritis.

To analyze if reduced Dnase1 mRNA levels in nephritic
kidneys is secondary to proteinuria, we measured
Dnase1 mRNA levels in group 1, group 4A and 4B of BW
mice and compared with young and 14-week-old non-
proteinuric and proteinuric BALB/c mice injected with
anti-dsDNA mAbs. While Group 4B BW mice demon-
strated profound down-regulation of Dnase1 mRNA lev-
els, this was not observed in BALB/c mice with severe
proteinuria (Figure 4B). This demonstrates that protein-
uria by itself does not promote down-regulation of the
renal Dnase1 gene. Interestingly, in nephritic MRL-lpr/lpr
kidneys, the Dnase1 mRNA levels were low compared
with kidneys from 4-week-old MRL-lpr/lpr mice similar to
the observed reduction in BW kidneys with membrano-
proliferative nephritis (Figure 4B). Taken together, these
data demonstrate that proteinuria does not cause reduc-
tion in Dnase1 mRNA levels directly, while loss of renal
Dnase1 expression and activity (Zykova et al, manuscript
submitted) seem to be linked to basic processes respon-
sible for lupus nephritis that are operational in both BW
and MRL-lpr/lpr mice.

DNA Fragmentation, and Expression of
Apoptotic Factors and Dnase1 after
Camptothecin-Induced Apoptosis in Isolated
Nephritic BW Kidneys

To test the ability of cells from BW kidneys to undergo
apoptosis we induced apoptosis ex vivo by camptothecin
in kidneys of non-nephritic 12-week-old BW and nephritic
BW mice and age-matched non-proteinuric BALB/c con-
trol mice. After incubation of the kidney samples with
camptothecin for 6 hours, multiples of 200-bp DNA frag-
ments, typical of apoptosis, were observed in BALB/c
kidneys, but not in kidneys from nephritic BW mice (Fig-
ure 5A). This result is consistent with the observation that
transcription of the major renal nuclease Dnase1 gene in
nephritic kidneys was selectively low at all incubation
periods with camptothecin (Figure 5B, Table 1) in con-
trast to young BW kidneys (Table 1), while in BALB/c
kidneys Dnase1 transcription was higher and increased
at 6 hours’ incubation time (Figure 5B). Immunohisto-
chemical analysis of activated caspase 3-positive cells
showed increased numbers of positively stained cells in
young (data not shown) and especially in nephritic BW
kidneys compared with healthy controls after incubation
with camptothecin for 6 hours (Figure 5, C and D). We
also analyzed apoptotic gene expression in the course of
camptothecin-induced cell death. There were no signifi-
cant changes in transcription of apoptosis-associated
genes in the BW kidneys compared with healthy control
animals (data not shown). The reason for this result may

Figure 4. Number of activated caspase 3 positive cells and changes in Dnase
I gene expression in kidneys with proteinuria based on different etiologies.
An averaged number of activated caspase 3-positive cells obtained by count-
ing 10 view fields per kidney section from different groups of mice is
presented. The bars represent mean of the groups (� SEM; n � 5 for group
1 of BW and n � 3 for the rest of the groups) A: Data from proteinuric
kidneys are presented in comparison with results from young animals of the
same strain. For BALB/c mice data are given also from non-treated age-
matched animals. Significant increase in the number of activated caspase
3-positive cells was found only in group 4B (with large electron dense
structures in capillary membranes) compared with group 1 of BW mice.
Asterisk in group 4B indicates a significant increase compared with group 1
(P � 0.05). Changes in Dnase I gene transcription are calculated individually
for each strain against their corresponding controls (one 4 week old BW, MRL
or BALB/c mice) B: Expression of Dnase I was stable in BALB/c kidneys even
in mice with severe proteinuria, while it was significantly decreased in
nephritic MRL-lpr/lpr kidneys and in kidneys from group 4B of nephritic BW
mice. Asterisk indicates a significant decrease of Dnase I transcription (group
4B of BW mice and the proteinuric group of MRL-lpr/lpr mice compared with
young animals of the same strains, *P � 0.05).

102 Seredkina et al
AJP July 2009, Vol. 175, No. 1



be that camptothecin-induced apoptosis involves cleav-
age of preformed inactive caspases, however without
activating central apoptosis associated genes as those
listed in Table 1—at least not within 6 hours of treatment.

Discussion

Lupus nephritis may be linked to an unusual exposure of
secondary necrotic chromatin fragments in kidneys of
individuals producing anti-chromatin antibodies. Without
antibodies, exposed chromatin may be non-pathogenic,
while antibodies in absence of exposed chromatin may
represent a clinical epiphenomenon. The lupus nephritis
phenotype may therefore be characterized by glomerular
binding of complexes of chromatin fragments and anti-
chromatin antibodies. Data presented here demonstrate
that deposition of chromatin-IgG complexes in glomeru-
lar capillary membranes may depend on reduced renal
Dnase1 activity and not on increased apoptotic activity in
the kidneys. The fact that chromatin fragments possess
high affinity for glomerular laminins and collagens ex-
plains why they are deposited in the kidneys.3

No systematic studies have been performed so far
related to lupus nephritis that addressed the question
whether there is increased apoptosis or reduced clear-
ance of cells undergoing apoptosis in context of regular
renal homeostasis. In the present study we analyzed
expression of several key regulators of the apoptotic
pathways at different stages of lupus nephritis develop-
ment in BW mice. The aim was to evaluate their possible
involvement in the pathogenesis of the disease. We found
no formal evidence for increased number of apoptotic
cells in morphologically normal kidneys neither in anti-
dsDNA antibody-negative or -positive BW mice. This sug-
gests that generation of anti-nuclear autoantibodies is not
due to over-activation of caspase-mediated apoptotic

pathways in the kidneys. This, however, does not exclude
the possibility that activation of these pathways takes
place in other organs.31 In the present study, we de-
tected slight increase in the number of activated caspase
3-positive cells during the late phase of nephritis, ie,
during transition from mesangial to membranoprolifera-
tive lupus nephritis. Increase of renal TNF-� gene tran-
scription and its receptor in the nephritic BW group did
not lead to any changes in the gene transcription of its
downstream apoptotic regulators and executors, such as
FADD, TRADD, Bcl2l2, BAX, and caspase 3 and 9. These
data suggest that the rate of apoptosis in the BW kidneys
is not increased by activity, and accumulation of extra-
cellular chromatin fragments found in nephritic kidneys
most likely occurs due to other pathological processes
such as reduced Dnase1 gene expression (see below).
Interestingly, in tubular lumina structures are observed
that were specifically stained by antibodies to activated
caspase 3 and 9 and to APAF1. Absence of such struc-
tures in tubular lumina in kidneys from BALB/c mice with
an antibody-driven experimental proteinuria (�20g/L) is a
striking observation that argues against the idea that
debris in tubular lumina is a nonspecific result of protein-
uria. Presence of apoptotic debris in nephritic BW kid-
neys therefore indicates that accumulation of apoptotic
debris is linked to a lupus nephritis-prone disposition,
and not to proteinuria per se. Apoptotic cell debris is
released into the tubular lumina during development of
severe lupus nephritis. Cylinders and casts observed in
urine samples from lupus nephritic kidneys may accord-
ingly consist of debris from apoptotic, possibly tubular
epithelial cells.

In this study, we observed mostly activated caspase
3-positive cells in tubuli and in the interstitium, and fewer
apoptotic cells in glomeruli. This does not necessarily
mean that glomerular cells do not contribute to accumu-

Table 1. Transcriptional Activities of Central Apoptotic Genes in (NZBxNZW)F1 Mice

Genes

Relative renal gene transcription levels* in groups of (NZBxNZW)F1 mice

4 week old
Group 1

8 week old
Group 2

20 week old
Group 3

�26 weeks old†

Group 4A Group 4B

TNF-� 1.42 � 0.39 1.27 � 0.31 3.77 � 1.60‡ 19.59 � 9.10‡ 28.03 � 7.70‡

TNFR I 1.20 � 0.16 0.93 � 0.10 1.37 � 0.14 1.56 � 0.24 2.28 � 0.16
TNFR II 1.03 � 0.17 1.00 � 0.19 1.82 � 0.47 3.46 � 2.45 7.61 � 1.91‡

FAS receptor 0.79 � 0.10 0.83 � 0.07 1.18 � 0.13 1.27 � 0.03 1.20 � 0.09
FADD 0.84 � 0.22 0.75 � 0.12 1.23 � 0.30 0.89 � 0.78 0.93 � 0.13
TRADD 1.06 � 0.17 0.82 � 0.20 1.10 � 0.18 1.46 � 0.3 1.08 � 0.09
TRAF2 0.91 � 0.15 0.76 � 0.13 0.94 � 0.16 1.03 � 0.33 1.63 � 0.16
Bcl2l2 0.99 � 0.09 0.87 � 0.15 0.99 � 0.04 0.81 � 0.46 0.86 � 0.11
BAX 1.28 � 0.09 0.94 � 0.10 1.12 � 0.14 1.39 � 0.09 1.71 � 0.14
Cytochrome c s 1.20 � 0.38 1.57 � 0.38 0.88 � 0.34 0.59 � 0.07‡ 0.26 � 0.05‡

APAF 1 1.33 � 0.09 0.88 � 0.05 1.16 � 0.17 1.13 � 0.76 2.55 � 0.25
Caspase 9 0.69 � 0.08 0.66 � 0.12 1.15 � 0.08 0.75 � 0.56 1.05 � 0.2
Caspase 3 1.19 � 0.10 0.72 � 0.13 0.98 � 0.14 0.93 � 0.01 1.14 � 0.15
Dnase 1 0.84 � 0.12 0.91 � 0.11 1.15 � 0.24 0.71 � 0.11 0.02 � 0.02‡

Cytochrome c s, Cytochrome c somatic.
*Data are given as fold change compared with transcription in a 4-week-old BALB/c mouse. Values represent mean of five mice in each group (4,

8, and 20 weeks old), and three mice in nephritic group 4A, and three in 4B.
†The nephritic group is subdivided into two subgroups where group 4A consists of three mice selected because of mild nephritis with only

mesangial matrix deposits of chromatin-containing immune complexes, while group 4B consists of three mice with severe nephritis with capillary
membrane associated immune complexes.

‡Means statistically significant at P � 0.05 and � twofold change in transcription versus age-matched BALB/c control mice.
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lation of apoptotic debris in glomeruli during develop-
ment of nephritis. Both we and others have observed
glomerular accumulation of activated caspase 3-positive
cells during development of severe lupus nephritis (see,5

and references therein). These may later be seen as chro-
matin debris associated with glomerular membranes, while
for example, the caspase 3 molecule may be metabolized
during transformation of apoptotic cells into secondary
necrotic debris due to reduced ability to clear apoptotic
cells. Thus absence of activated caspase molecules and
retention of chromatin in glomeruli during certain phases
of nephritis may not necessarily indicate that apoptotic
cells have not been accumulated also in glomeruli. It is
also a striking observation that there were only few apo-
ptotic cells in the tubuli and interstitium. Whether tubular
apoptotic cells contribute to accumulation of large chro-
matin fragments in glomeruli remains to be established,
but they may do so through, for example, being re-ab-

sorbed and then released into the blood stream and
brought to glomeruli through circulation.

To investigate whether responsiveness to apoptotic
stimuli is compromised in lupus-prone mice, we per-
formed a previously published ex vivo assay of apoptosis
induction in kidneys using the topoisomerase I inhibitor
camptothecin.27 The data demonstrate that activation of
caspase 3 in response to artificial apoptosis induction
with camptothecin was not reduced—as could be ex-
pected from our previous report of the defective nucleo-
somal DNA fragmentation27—but rather elevated in the
kidneys of lupus-prone mice, particularly in the animals
with proteinuria. Thus, mRNA expression of apoptosis
related genes, such as pro-caspase 3 may be increased
in response to camptothecin as also reported by Floros et
al32 In the present experiments the appearance of acti-
vated caspase 3-positive cells was not associated with
significant changes in mRNA level of central apoptotic

Figure 5. Apoptotic DNA fragmentation, and quantitative analyses of activated caspase 3 positive cells and Dnase1 gene expression after camptothecin-induced
apoptosis in isolated nephritic BW kidneys. Camptothecin-induced DNA fragmentation was detected after 6 hours incubation time in kidneys of 26 week old
BALB/c mice (A), but not in kidneys of nephritic BW mice (A). Transcription of the Dnase1 gene was stable and very low in nephritic BW kidneys at all time points
after apoptosis induction compared with the age-matched BALB/c mice, in which Dnase1 transcription increased at the end of the incubation time in presence
of camptothecin (B). This result is consistent with lack of DNA fragmentation in the same kidneys. The number of activated caspase 3 positive cells was increased
in nephritic BW kidneys compared with healthy control kidneys after 6 hours incubation with camptothecin (C and D for immunohistochemistry and number of
activated caspase 3 positive cells, respectively). The data in (A) is taken from a larger set of experiments published on the same individual mice as used in this
study.27
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genes. However, we exposed kidneys for camptothecin
for only 6 hours, because longer incubation times would
result in necrotic death of cells (unpublished observa-
tion). The 6-hour incubation time may not be sufficiently
long to up-regulate relevant apoptosis-related mRNA lev-
els. At the same time, transcription of the Dnase1 gene
was low in nephritic, but not in pre-nephritic kidneys
before stimulation with camptothecin. Notably, Dnase1
transcription in nephritic kidneys also failed to respond
after induction of apoptosis by camptothecin, in con-
trast to what we observed in the sex- and age-matched
BALB/c controls. In the same nephritic BW kidneys,
camptothecin failed to induce fragmentation of renal
DNA, which is consistent with loss of renal Dnase1 in
these BW kidneys.

Thus, these data confirm low transcription levels of the
Dnase1 gene in nephritic kidneys, and inability to in-
crease Dnase1 transcription after experimental induction
of apoptosis in nephritic kidneys is a striking observation.
No reduction of other nucleases or housekeeping genes
was observed after this treatment.27 This may be signifi-
cant since the Dnase1 enzyme is involved in apopto-
sis.33,34 Accordingly, no nucleosomal DNA fragmentation
could be observed in the course of camptothecin-in-
duced apoptosis in BW kidneys,27 in contrast to effective
camptothecin-induced fragmentation of chromatin in kid-
neys of BALB/c mice.

No increase in the rate of apoptosis was detected in
the kidneys of lupus-prone BW mice either before or on
development of nephritis. Activation of key apoptotic ef-
fector proteins, like caspase 3 or 9, was not compro-
mised and proceeded normally in these mice, but did not
lead to generation of nucleosomal DNA fragments (present
study, see also27). Selective lack of production of the dom-
inant renal nuclease, the Dnase1 enzyme, in the proteinuric
kidneys and the absence of its up-regulation in the course
of experimentally induced apoptosis seem to be respon-
sible for the observed defect in apoptotic DNA fragmen-
tation. This may conceivably explain deposition of large
chromatin fragments in the glomerular capillary mem-
branes and mesangial matrix, although chromatin frag-
ments in complex with IgG may be seen restricted to the
mesangial matrix before loss of Dnase1 enzyme activity.
Expression of mRNA for other nucleases that we have
tested was not reduced even in nephritic kidneys.27

In conclusion, the most significant finding in this study
is the lack of up-regulation of key renal apoptosis-related
genes including genes that are central signal transduc-
tors in different apoptotic pathways during development
of lupus nephritis in the BW mice. This indicates that
lupus nephritis is not linked to increased apoptotic pro-
cesses in the kidneys. Rather, reduced clearance of phys-
iologically generated apoptotic cells may lead to transfor-
mation of the apoptotic cells into secondary necrotic ones
with subsequent exposure and deposition of chromatin
fragments in glomerular capillary membranes in complex
with anti-chromatin antibodies. The present data indicate
that progression of lupus nephritis, or at least the variant
that spontaneously develop in (NZBxNZW)F1 and MRL-
lpr/lpr mice, is linked to reduced clearance of chromatin
due to reduced production of the main renal nuclease—

the Dnase1 enzyme. In that situation, large chromatin
fragments accumulate in the extracellular space, and
may bind to, for example, glomerular membranes in com-
plex with IgG anti-chromatin antibodies. This deposition
may be the fundamental event that creates the basis for
development of full-blown lupus nephritis. Loss of
Dnase1 enzyme activity, and not increased apoptosis,
may transform mild mesangial lupus nephritis into severe
membranoproliferative end-stage organ disease.
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